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 2 
Abstract 19 
Crop rotation systems in organic and conventional farming systems differ in crop types, 20 
management and duration. However, changes in arthropod communities over the entire 21 
rotation system are poorly understood, as many studies have surveyed only single years 22 
or have not covered the entire rotation period. Here we describe changes in arthropods in 23 
two contrasting systems at a split organic-conventional farm: an 8-year organically-24 
managed rotation with 5 crops and a 5-year conventionally managed rotation with 3 25 
crops. Arthropods were classified into three functional groups, representing epigeal 26 
predators, foliar predators/parasitoids, and herbivores/pollinators. Epigeal predators were 27 
particularly reduced by soil tillage which occurred annually in the conventional rotation, 28 
but was intermittent in the organic. Arthropods were most abundant on the conventional 29 
rotation, but most taxonomically diverse on the organic. In the conventional system, all 30 
functional groups showed a cyclical change in their taxonomic composition that closely 31 
matched the crop rotation sequence whereas in the organic rotation the cycle was less 32 
clear. Whilst the current year’s crop type was the major determinant of arthropod 33 
community composition, there was a significant ‘lag effect’ for many taxa from the 34 
preceding year’s crop. Our results suggest that both the amounts of soil tillage (e.g. in no-35 
till systems) and crop rotation order have major impacts on arthropods in agroecosystems. 36 
Rotations with excessive soil tillage are likely to reduce the abundance of some groups of 37 
beneficial arthropods, especially epigeal predators. 38 
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1. Introduction 41 
A number of studies have indicated that arthropod communities are higher in both 42 
abundance and species richness under organic systems (Fuller et al., 2005; Holzschuh et 43 
al., 2007; Lichtenberg et al., 2017). This is partly due to lack of synthetic fertilizers and 44 
pesticides which promotes increase weed species (Romero et al., 2008), as well as 45 
potentially greater habitat heterogeneity from the field to farm and wider landscape 46 
(Clough et al., 2007; Öberg et al., 2007). Although many arthropods are agricultural 47 
pests, organic farms also support higher numbers of beneficial arthropods, especially 48 
predators, parasitoids and pollinators (Letourneau and Bothwell, 2008; Macfadyen et al., 49 
2009; Lichtenberg et al., 2017). 50 
 51 
In the UK, organic farms usually grow more types of crops than conventional (Norton et 52 
al., 2009); spring- rather than autumn-sown (Purvis and Fadl, 2002) plus nitrogen-fixers 53 
such as beans and clover to increase soil productivity (Berry et al., 2002; Maeder et al., 54 
2002). This means that the crop rotation patterns are longer than on conventional farms, 55 
sometimes up to 8 years. However, most arthropod studies have been confined to trial 56 
plots lasting only 2 or 3 years (Honek and Jarosik, 2000; O’Rourke et al., 2008; Bourassa 57 
et al., 2010), with few at the farm-scale of sufficient duration to reflect realistic crop 58 
rotations. Other longer-term studies have been restricted to soil microbial arthropods 59 
(Lupwayi et al., 1998; Balota et al., 2003) and soil enzyme activities (Balota et al., 2004). 60 
 61 
The grass-clover leys used in organic rotations result in longer periods of reduced soil 62 
cultivation (Watson et al., 2002) compared to conventional systems, where annual tillage 63 
is more likely (López-Fando and Bello, 1995; Hatten et al., 2007; Eyre and Leifert, 64 
2011a). Soil tillage is known to affect arthropods, with most studies indicating higher 65 
diversity and abundance in no-till, or reduced tillage systems (Kladivko, 2001; Sharley et 66 
al., 2008). The impacts are variable however, possibly depending on the functional traits 67 
of different arthropod species (Ribera et al., 2001; Fahrig et al., 2011; Tscharntke et al., 68 
2012). For example, small, highly active species responded to more intensively managed 69 
systems (Cole et al., 2005) whilst non-carnivorous beetles are common in crops such as 70 
wheat that have larger areas of bare ground (Batáry et al., 2012). Many studies have 71 
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utilised only a single trapping method (usually pitfall traps) in isolation which as an 72 
‘activity-density’ measure may not reflect the actual arthropod communities (Topping 73 
and Sunderland, 1992). 74 
 75 
 76 
 77 
The primary aims were to: 78 
1) Compare arthropod activity-density in relation to the current year’s crop type 79 
under conventional and organic management. 80 
2) Investigate the temporal changes in the arthropod assemblage composition across 81 
the entire cycle of the two crop rotation systems. 82 
3) Quantify the relative importance of both the current and previous year’s crop on 83 
the arthropod assemblage composition, within each management system. 84 
 85 
2. Materials and Methods 86 
To understand the different effects on the arthropods of crop rotation, soil tillage, farm 87 
management, current and previous cropping history, it is necessary to study them over the 88 
entire crop rotation. Here we utilise eight- and five-year arthropod data from a split 89 
organic/conventional farm in northern England. Arthropods were allocated into three 90 
broad functional groups: epigeal predators; foliar predators/parasitoids and 91 
herbivores/pollinators. We also employed two standard sampling methods, pitfall traps 92 
and yellow-pan traps, in an attempt to obtain more representative arthropod data (Gibb 93 
and Hochuli, 2002; Ford et al., 2012). 94 
2.1. Survey Area and Management 95 
The research was undertaken at Nafferton Farm in Northumberland, UK (54°59ꞌ, 09ꞌꞌN; 96 
1°43ꞌ, 56ꞌꞌW). Prior to 2001 the whole 320 ha farm was managed as a single conventional 97 
mixed farm, which included dairy and arable. In 2001, half the farm (160 ha) was 98 
converted to organic agriculture (with the remaining 160 ha conventional) and organic 99 
certification completed in 2004. The soil is sandy clay loam over glacial till deposits, 100 
forming Cambic stagnogleys and stagnic cambisols. Soil organic matter within the fields 101 
content is similar in both halves of the farm (6.2% and 6.8% organic and conventional), 102 
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but higher in the field margins (8.2% and 9.0%) where hedgerows or long grass are 103 
present. Average January and July temperatures are 2.4°C and 14.2°C, whilst January and 104 
July monthly rainfall averages 62.3 mm and 57.8 mm respectively (there is a 105 
meteorological station on the farm). The crop management systems in different ‘Rotation 106 
Years’ is summarised in Figure 1. Arable crops on the conventional half were autumn-107 
sown with annual ploughing and application of herbicides and fungicides where 108 
appropriate (Eyre and Leifert, 2011b). Organic crops were spring-sown with no use of 109 
synthetic pesticides; no insecticide sprays were used in either rotation. Ploughing 110 
occurred annually in all crops except grass-clover leys, and in addition 'earthing-up' of 111 
potatoes was undertaken to reduce weeds and prevent tuber greening. In the organic 112 
rotation during grass-clover leys the soil was not cultivated but leys were cut three 113 
times/year for silage. The crop management in the conventional and organic rotations are 114 
typical of those used by other conventional and organic farms within the eastern part of 115 
the Tyne catchment. 116 
2.2. Sampling 117 
2.2.1 Arthropods 118 
Arthropods were collected from two locations (sites) spaced approximately 20m apart in 119 
each field, at least 40 m from the field boundary. At each location arthropods were 120 
collected with a line of 10 pitfall traps, 0.5 m apart (white polypropylene cups 8.5 cm 121 
diameter, 10 cm deep) and a single yellow pan trap (plastic box 30 cm x 22 cm, 20 cm 122 
deep), all part-filled with saturated salt (NaCl) solution containing a small amount of 123 
strong detergent as a preservative and break the surface tension (Eyre et al., 2013b). 124 
Contents of each set of 10 pitfall traps were pooled before sorting. Samples were 125 
collected over the whole rotation period of both management systems (2005-2012), with 126 
traps set in the first week of May (traps temporarily removed during silage cuts) emptied 127 
approximately monthly over a 20 week period, giving 5 collection dates per year. 128 
However, data for each location were analysed for the whole 20-week sampling period 129 
within each year, rather than sub-divided to monthly level. Seventy-six sites from 38 130 
fields (5 crops) were sampled in the organic half of farm and 50 sites from 25 fields (3 131 
crops) in the conventional (see Table 1 for detailed breakdown of samples and crops 132 
surveyed). The same two sites in the same fields were sampled each year, with the aid of 133 
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marked posts positioned in the field boundary, although of course the crops cultivated in 134 
the fields changed due to the rotation. In the analyses the pitfall and yellow pan data at 135 
each location were combined. 136 
 137 
Arthropods were identified to family, sub-family and tribe, depending on functional 138 
group, and counted. Arthropods were classified into three functional groups, based 139 
primarily on their foraging guilds as adults: epigeal predators, foliar predators / 140 
parasitoids and herbivores / pollinators, with taxa split according to the schema given by 141 
Ford et al. (2013). 142 
 143 
Epigeal predators:   144 
• Carabidae identified to tribes (Bembidiini, Harpalini, Loricerini, Nebriini, 145 
Notiophilini, Platynini, Pterostichini, Sphodrini, Trechini and Zabrini). Tribe level 146 
in the taxonomic hierarchy has been recommended in previous similar research 147 
(Luff and Turner, 2007). 148 
• Staphylinindae identified to subfamily: Aleocharinae, Omalinae, Paederinae, 149 
Staphylininae, Steninae and Tachyporinae). Subfamily level in the taxonomic 150 
hierarchy has been recommended in previous similar research to Brunke et al. 151 
(2011) 152 
Foliar predators / parasitoids: 153 
• Coleoptera (Cantharidae and Coccinellidae) 154 
• Hemiptera (Anthocoridae) 155 
• Diptera (Syrphidae) 156 
• Hymenoptera (Braconidae, Ichneumonidae, Platygasteridae, Proctotrupidae and 157 
Pteromalidae) 158 
Herbivores / pollinators: 159 
• Coleoptera (Chrysomelidae, Curculionidae, Nitidulidae) 160 
• Hemiptera (Lygaeidae, Miridae and Tingidae) 161 
• Homoptera-Auchenorrhyncha (Cercopidae, Cicadellidae) 162 
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• Hymenoptera (Apidae, Cynipidae and Tenthredididae). Family level in the 163 
taxonomic hierarchy has been recommended in previous similar research 164 
Woodcock et al. (2005). 165 
 166 
The characteristics of the nearest field boundary to each site were recorded according to 167 
the classification of Eyre and Leifert (2011a). Mean air temperature per month and total 168 
monthly rainfall were calculated from data collected via a Delta-T Weather Station (Type 169 
WS01) located on the farm. In July 2015 vegetation species composition was recorded as 170 
percentage cover (1m2 quadrat) at each of the original arthropod survey locations (i.e. 2 171 
quadrats per field) and percentage cover of vascular plants estimated by eye. Vegetation 172 
structure was estimated with a 1.4m x 7cm diameter pole sub-divided into 5cm bands, 173 
placed vertically into the centre of the quadrat, and the number of hits recorded at each 174 
height category.  As these vegetation data were not collected coterminous with the 175 
arthropod survey data, they were simply used as an aid to interpretation. 176 
2.3. Data analysis 177 
2.3.1. Effects of current year’s crop on arthropod activity-density in different taxa and 178 
functional groups 179 
Linear mixed-effects models (LME) were used to determine the relative importance of 180 
the current year’s crop type on arthropod activity-density, having corrected for variability 181 
associated with temperature, rainfall, field boundary type and year of survey. Analyses 182 
were done both for individual taxa (family, tribe or subfamily as appropriate) as well as 183 
taxonomic functional groups (epigeal predators, foliar predators/parasitoids and 184 
herbivores/pollinators). Separate analyses were undertaken for the organic and 185 
conventional datasets, as the large differences between the two management systems (e.g. 186 
rotation system, chemical applications) make a single analysis inappropriate.  187 
 188 
Arthropod counts were log-transformed , in a similar way to Ives and Freckleton (2015) 189 
and Eyre and Leifert (2010) prior to analysis with R (Pinheiro et al., 2011) and the nlme 190 
package (Pinheiro and Bates, 2000). Current year’s crop was used as a fixed-effect factor, 191 
with five levels in organic crops (barley, grass/clover, wheat, potatoes, beans) and three 192 
levels in conventional crops (barley, wheat, oilseed rape), plus temperature and rainfall. 193 
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Sampling year (2005-2012) was treated as a random factor. Quantile-quantile (QQ) plots 194 
were used to confirm that LME model assumptions of normally distributed errors were 195 
valid. 196 
2.3.2. Temporal change in arthropod assemblage composition across the organic and 197 
conventional rotations 198 
Partial canonical correspondence analysis (pCCA) was used to measure changes in 199 
arthropod composition of each functional group over the course of the rotation cycle, as a 200 
result of the current year’s crop. The current year’s crop was used as an active 201 
explanatory variable, the previous year’s crop was partialled-out (conditional variable) 202 
whilst for each functional group a matrix of arthropod taxa by sites formed the response 203 
variables. Temperature, rainfall and field boundary type were also used as partial 204 
variables. The contribution of each current crop-type within the rotation was tested via 205 
automatic forward selection, determined using Monte Carlo permutation tests (999 206 
permutations). The pCCAs were carried out using the CANOCO package (Ter Braak and 207 
Smilauer, 2002); separate analyses were done for each of the three functional groups on 208 
both management systems. 209 
2.3.3. Relative effect of current and previous- crops on arthropod assemblages 210 
Variance partitioning (VP - also known as variation partitioning or variance 211 
decomposition) can be used to quantify individual and / or joint effects of multiple sets of 212 
explanatory variables on community composition (see Borcard et al., 1992; Dray et al., 213 
2012). In variance partitioning a series of separate constrained ordination analyses are 214 
undertaken, with the same response (species by samples matrix), but different 215 
combinations of potential explanatory variables, as constraining and partial variables, so 216 
that their relative importance can be measured (Borcard et al., 1992). The aim of our 217 
variance partitioning analysis was to quantify the effects on each arthropod functional 218 
group of purely the current crop, purely the previous crop, the joint effect (if any) of both 219 
current and previous crops, and residual unexplained variation. The significance of purely 220 
the current crop was tested by Monte Carlo permutation tests (999 permutations); this 221 
cannot be done reliably for the joint effect (Buttigieg and Ramette, 2014).  222 
 223 
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3. Results 224 
3.1. Organic Management 225 
3.1.1. Effects of current year’s crop on organic arthropod activity-density in different 226 
taxa and functional groups  227 
More epigeal predators were sampled in the third year of the grass/clover crop, and 228 
fewest on the potatoes (Supplementary Table 1), with a significant difference between the 229 
crops (F7,48=3.50, P=0.004). Activity-density of Carabidae was highest in the first wheat 230 
crop, least in potatoes (F7,48=5.90, P<0.001), whilst most Staphylinidae were found in the 231 
third grass/clover crop and least in the second wheat crop (F7,48=2.40, P=0.038). At the 232 
tribe or subfamily level of epigeal predators, the Loricerini was sampled most in those 233 
years when grass/clover was cultivated whilst Bembidiini, Platynini and Zabrini were 234 
less commonly sampled (Supplementary Table 1). Pterostichini were most commonly 235 
sampled in the wheat crop that immediately followed grass/clover but the numbers caught 236 
were reduced by approximately 50% in the other wheat crop that was preceded by beans. 237 
Platynini activity-density appeared to decline during the three years of grass /clover ley, 238 
and indeed fewest were caught by year three of the grass / clover ley. Nine out of the 239 
fifteen main epigeal tribes / subfamilies taxa were most commonly sampled in the first 240 
wheat crop, after 3 years of grass / clover ley, than in the second wheat crop, which was 241 
grown after field beans.  242 
 243 
Foliar predators/parasitoids were most commonly sampled in the barley crops (first year 244 
of crop rotation), and lowest on in the second year of grass/clover (F7,48=5.10, P<0.001). 245 
At the family-level, the parasitic Ichneumonidae were primarily sampled in barley crops, 246 
first year of rotation that follow wheat and least in the second year of grass/clover 247 
(F7,48=5.0, P<0.001). Braconidae, Coccinellidae, and Syrphidae had low activity-density 248 
in the three years of grass/clover and the second year of wheat crop. Five out of the nine 249 
foliar predator/parasitoid families were most commonly sampled in barley and beans.  250 
 251 
Herbivores/pollinators were most commonly sampled in the bean crops, with fewest 252 
collected in the first year of grass/clover (F7,48=12.9, P<0.001). Activity-density of four 253 
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out of the nine herbivorous families was highest in the two wheat crops, plus barley and 254 
beans (Miridae, Tenthredidinae, Nitidulidae, Chrysomelidae).  255 
3.1.2. Temporal change in arthropod community composition across the organic 256 
rotation  257 
Community composition of epigeal predators (Figure 2a) along Axis 1 showed a trend 258 
from grass/clover leys (low axis 1 scores) to potato (high axis 1 score), whereas the other 259 
crops were intermediate. Loricini and Notiophilini were the taxa most associated with 260 
grass / clover leys whilst Aleochorinae and Sphodrini were associated with potatoes. 261 
Turnover of taxa along axis 2 was limited, with none showing a strong association to any 262 
crop. A number of the abundant and ubiquitious taxa, such as Staphylininae, Pterostichini 263 
and Bembidiini occurred near the origin of the axes, showing no affiliation solely to any 264 
organic crop. Permutation tests indicated that three years of the grass/clover ley affected 265 
community composition (first year F=4.27, P=0.004; second year F=4.53, P=0.002, third 266 
year F=4.25, P=0.002), as did barley (F=4.70, P=0.002), beans (F=2.95, P=0.012) and 267 
potatoes (F=3.06, P=0.002).  268 
 269 
Foliar predator/parasitoid assemblages also showed a trend from those dominated by 270 
grass/clover leys to the other crops (Figure 2b). Anthocoridae was strongly associated 271 
with beans, whilst Hymenopteran- Platygasteridae the grass/clover crops. Spring beans 272 
(F=2.95, P=0.024) had significant effects on the foliar predators/parasitoids taxa 273 
composition. This pattern was repeated for the herbivores/pollinators (Figure 2c): 274 
Curculionidae being associated with grass/clover, whilst Nitidulidae with beans and 275 
wheat. Whilst there is a broadly anti-clockwise change in community composition across 276 
the rotation in Figure 2a, compared to clockwise in Figure 2b and 2c, this merely reflects 277 
the best mathematical projection in ordination space rather than the ecology. All three 278 
grass/clover leys affected community composition (first year F=6.42, P=0.002; second 279 
year F=5.98, P=0.002, third year F=6.08, P=0.002), as did barley (F=2.76, P=0.010), 280 
beans (F=2.23, P=0.018) and potatoes (F=2.38, P=0.018). 281 
3.1.3. Relative effect of current- and previous-crops on organic arthropod communities 282 
Overall, the current and previous crop types explained between approximately 21% and 283 
25% of the total variation in the organic arthropod community composition for the three 284 
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major functional groups (Table 4a). There was relatively little difference in the overall 285 
pattern between the functional groups, with most of the variation (6.6 to 11.9%) being 286 
explained by the current year’s crop, and 6.0% to 12.6% jointly between the previous and 287 
current year’s crop. Only a small amount variation (3.1% to 5.5%) could be uniquely 288 
allocated to the previous year’s crop. However, irrespective of the crop effects, 75.3% of 289 
the variation in epigeal and foliar predators, assemblages was unexplained, slightly more 290 
for herbivores/pollinators (79.0%) by either previous or current year’s crop influence. 291 
 292 
In the epigeal predators, of the 11.5% purely explained by the current crop, the two most 293 
important were grass/clover ley (F=5.82, P=0.002) and barley (F=3.07, P=0.006), whilst 294 
of the 3.7% purely explained by the previous year’s crop this was primarily from 295 
grass/clover ley (F=2.05, P=0.036). In foliar predators/parasitoids, both barley (F=2.93, 296 
P=0.006) and grass/clover (F=2.81, P=0.014) had significant effects on the 6.6% of 297 
variation uniquely explained by the current crop, whilst of the 5.5% uniquely explained 298 
by the previous crop this was mainly associated with beans (F=2.73, P=0.008) and barley 299 
(F=1.99, P=0.038). In the herbivores/pollinators, 11.9% was uniquely associated with the 300 
current crop, especially grass/clover ley (F=8.18, P=0.002) but none of the previous 301 
year’s crops were significant.  302 
 303 
3.2. Conventional Management 304 
3.2.1. Effects of current year’s crop on conventional arthropod activity-density in 305 
different taxa and functional groups.  306 
There was no significant difference in the total numbers of epigeal predators sampled  as 307 
a result of crop type (F4,29=0.30, P=0.869; Table 3). However, Carabidae were most 308 
commonly sampled in the first wheat crop, least in first barley crop (F4,29=3.20, P=0.028) 309 
whilst Staphylinidae were sampled most in the oilseed rape and least in the second wheat 310 
crop (F4,29=8.70, P<0.001) (Table 3). Six of the most commonly sampled foliar taxa were 311 
(Nebriini, Notiophilini, Zabrini, Aleocharinae, Tachyporinae and Staphylininae) were 312 
associated with oilseed rape. 313 
 314 
 12 
Activity-density of foliar predators/parasitoids was highest in oilseed rape, and least 315 
abundant in the first barley crop (F4,29=18.9, P<0.001). Three foliar parasitoids: 316 
Braconidae (F4,29=21.3, P<0.001), Ichneumonidae (F4,29=24.3, P<0.001), and 317 
Pteromalidae (F4,29=24.4, P<0.001) were associated with oilseed rape. Catches of six out 318 
of the eight foliar predators/parasitoids were significantly different across the rotation 319 
(Table 3). Herbivores/pollinators were sampled most on oilseed rape and least in the first 320 
year of barley (F4,29=40.0, P<0.001; Table 3). Activity-density of Chrysomelidae 321 
(F4,29=18.4, P<0.001), Curculionidae (F4,29=17.9, P<0.001), Cynipidae (F4,29=14.3, 322 
P<0.001) and Nitidulidae (F4,29=17.5, P<0.001) differed over the rotation and were most 323 
common in oilseed rape. 324 
 325 
3.2.2. Temporal change in arthropod community composition across the conventional 326 
rotation 327 
Variation in epigeal predators was along a trend from samples in the wheat compared to 328 
barley (Fig 3a) with Harpalini associated with wheat, and Steninae and Omalinae the 329 
barley. Monte Carlo permutation tests showed that oilseed rape (F=3.92, P=0.004) and 330 
the first (F=2.90, P=0.004) and second wheat crops (F = 2.61, P=0.012) significantly 331 
affected the taxonomic composition of epigeal predator assemblages. In foliar 332 
predators/parasitoids (Fig 3b) axis 1 showed a split between the first wheat crop and the 333 
second wheat crop along axis 1, whilst axis 2 separated oilseed rape from the other crops, 334 
but there were no strong associations between crops and any taxa and none of the crops 335 
were significant in the permutation tests. In herbivores/pollinators (Fig. 3c) the main 336 
trend was from oilseed rape compared to the other crops, especially the second wheat 337 
crop. Nitidulidae (pollen beetles) were strongly associated with oilseed rape, with 338 
Cicadellidae and Cercopidae characteristic of the cereals. Oilseed rape (F = 7.69, 339 
P=0.002) and the second wheat crop (F = 2.67, P=0.006) had significant effects on the 340 
herbivore taxa composition. 341 
3.2.3. Relative effect of current- and previous-crops on conventional arthropod 342 
communities 343 
The current and previous crop types explained between approximately 14% and 19% of 344 
the total variation in the arthropod community composition for the three major functional 345 
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groups (Table 4). Differences were apparent between the epigeal predators and 346 
herbivores/pollinators compared to foliar predators/parasitoids; most variation was 347 
explained by the current year’s crop for epigeal predators and herbivores/pollinators (10.6 348 
and 6.3% respectively), whereas most variation (8.3%) was explained by previous year’s 349 
crop for foliar predators/parasitoids. Only 1.2% to 3.9% of the total variation was 350 
explained jointly by the previous and current year’s crop and all three functional groups 351 
had a large amount of unexplained variation. 352 
 353 
In epigeal predators, of the 10.6% purely explained by the current crop, the most 354 
important was barley (F=4.21, P=0.002), whilst of the 6.8% purely explained by the 355 
previous year’s crop this was primarily from wheat (F=2.91, P=0.002). In foliar 356 
predators/parasitoids of the 8.3% of variation uniquely explained by the previous year’s 357 
crop the most important was wheat (F=3.77, P=0.026), but none of the current year's crop 358 
was significant. For the herbivores/pollinators, 6.3% was uniquely associated with the 359 
current wheat crop (F=3.24, P=0.008) but the herbivores/pollinators were unaffected by 360 
the previous year's crop.  361 
 362 
4. Discussion 363 
This study has demonstrated that long-term rotation, current and previous crops, and soil-364 
disturbance (ploughing, rotovation etc.), all affect both the activity-density and taxonomic 365 
composition of arthropods in agricultural landscape. Annual soil cultivation was similar 366 
within each conventional crop and differences between arthropod activity-density on the 367 
conventional crops were more likely to be related to management practices, crop type and 368 
associated microclimate (Doblas-Miranda et al., 2009; Gladbach et al., 2011; Ewald et 369 
al., 2015). In contrast, the amount of soil cultivation was variable in the organic system, 370 
with several years of no tillage (grass/clover leys), compared to crops with considerable 371 
disturbance (potatoes). In both systems the current year’s crop type had, as might be 372 
expected, a much larger effect on the arthropods than that of the previous year’s crop, but 373 
the latter was, nevertheless, significant. 374 
 375 
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The tallest crop on either system was oilseed rape (OSR), grown only in the conventional 376 
rotation. During flowering OSR provides resources for nectar- and pollen-feeders, whilst 377 
after petal fall the habitat is attractive to detritivores such as Collembola. In the current 378 
study, vegetation density was high at the top of the OSR crop after flowering, but 379 
relatively open at ground level. Collembola have also been recorded as more common in 380 
grass-clover leys that receive animal manures (Birkhofer et al., 2008). This may have 381 
accounted for the larger catches obtained for specialist Collembola-feeders Loricini and 382 
Notiophilini in both OSR and organic grass-clover ley. The total number of arthropods 383 
per sample was approximately 45% higher on the conventionally managed fields 384 
compared to the organically managed. Eyre et al. (2013a) suggested that arthropod 385 
abundance is reduced with soil disturbance, but increases with crop biomass, the latter 386 
being generally higher for crops under conventional management.  387 
 388 
Epigeal predator activity-density in the organic management systems was significantly 389 
influenced by crop type. However, their abundance was not constant across all crops in 390 
the rotation, nor within the same crop in the rotation. Epigeal predators are a broad group, 391 
with a wide range of life history traits and habitat preferences (Rusch et al., 2015). In the 392 
organic rotation, greater epigeal predator activity-density in the third year of the 393 
grass/clover and the first year wheat crop, may have been a result of population increase 394 
after a period of low soil disturbance (Eyre et al., 2013a). In contrast, the crop with the 395 
largest amount of soil disturbance, potatoes, with repeated ridging to limit weed growth 396 
and protect tubers from light, had the lowest numbers of epigeal predators. Soil tillage is 397 
known to have deleterious effect on some arthropods (Sharley et al., 2008), with large-398 
bodied arthropods declining in numbers (Kladivko, 2001), and an increase in species with 399 
small body size and good dispersal abilities (Ribera et al., 2001). However, this 400 
sensitivity to tillage often varied amongst beetle species (Shearin et al., 2007; Lalonde et 401 
al., 2012), and species body size (Hatten et al., 2007) .  402 
 403 
In both management systems the total activity-density of foliar predators/parasitoids and 404 
herbivores/pollinators was significantly influenced by the current year's crop type 405 
(Supplementary Tables 1 and 2). Within the conventional rotation, there was greater 406 
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foliar predator/parasitoid and herbivore/pollinator activity-density in oilseed rape than 407 
cereals. This may be partly a result of the relatively constancy over time of cereals over 408 
much of the growing system in contrast to the dramatic phenological changes associated 409 
with mass-flowering, petal fall, pod-formation etc. in OSR (Zaller et al., 2008). Eyre and 410 
Leifert (2011b) found management and crop type had significant effects on arthropod 411 
abundance, and it is likely that the greater diversity of taxa in the organic crop is a result 412 
of the increased plant biodiversity within the crop (Nick et al., 2001), due to lack of 413 
herbicides (Roschewitz et al., 2005b) and more weed infestations (Navntoft et al., 2006). 414 
 415 
pCCA emphasised changes in assemblage composition over time in each management 416 
system and functional group. In the conventional system, there was an obvious circular 417 
pattern (Fig 3) between the crops that closely matched the temporal sequence within 418 
which the crops were cultivated in the rotation. Note that whether or not these rotations in 419 
the pCCA plot are clockwise or anticlockwise is not relevant. In contrast, on the organic 420 
system, such circular patterns were only observed in the herbivores/pollinators group (Fig 421 
2c), with more irregular patterns for epigeal predators and foliar predators/parasitoids, 422 
particularly for wheat, barley, beans and potato crops. The irregularities might therefore 423 
reflect the different cultivation methods, microclimate cereals, beans and potatoes 424 
compared to grass/clover leys in the organic system. In addition, weed cover was high in 425 
the two cereal crops, but low on the beans and potatoes, which will have also affected the 426 
arthropod assemblages(Lichtenberg et al., 2017). This compares to the conventional 427 
system at Nafferton, in which herbicides resulted in a similar level of weed cover each 428 
year and between crops. The positions of individual taxa within the pCCA plots were 429 
similar to the individual studies described earlier; for example the Nitidulidae (pollen 430 
feeders) were closely aligned with oilseed rape (Gladbach et al., 2011). 431 
 432 
The variation partitioning indicated the importance of both the current and previous 433 
year’s crop on the taxa composition of the arthropod assemblages. Three broad patterns 434 
were observed. Firstly, the amount of variation explained by the current and/or previous 435 
crop was lower for the conventional system (at about 14 to 19%) than the organic (21 to 436 
25%). This is a relatively small difference, given the lower overall crop/weed 437 
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‘complexity’ in the conventional system compared to the much weedier organic crops. 438 
Secondly, there was evidence of a ‘lag-effect’, particularly in the organic system. It is 439 
perhaps not unsurprising that the major determinant of the arthropod ecology is the 440 
current crop, but there was nevertheless a small, but significant, effect from the previous 441 
year’s crop on the following year’s arthropods. This lag effect was however absent in 442 
both systems for herbivores/pollinators; this might be due to their greater dispersal 443 
abilities and mobility. Thirdly, the variation jointly explained by current and previous 444 
crop was higher in the organic (about 6 to 13%) than the conventional (1 to 4%). Whilst 445 
the exact mechanisms underlying this differences remain unclear, they may reflect the 446 
build-up of seedbanks from weeds, from the preceding and current year, rapid 447 
germination of weeds from vegetative means, which produced a more diverse vegetation 448 
and complex landscape (Honek and Jarosik, 2000; Roschewitz et al., 2005a). This 449 
increased weed and floral diversity provide alternative resources for foliar 450 
predator/parasitoids (Gabriel et al., 2010) and weed seeds provide food for granivorous 451 
and omnivorous species, such as Pterostichus (Bohan et al., 2011; Jonason et al., 2013). 452 
 453 
In contrast to our results, Lalonde et al. (2012) reported no effect of crop sequence on 454 
arthropod (Carabidae) activity, but their invertebrate survey was based on a single year. 455 
Changes in habitat suitability for arthropods in agroecosystems within a year are of 456 
course considerable, and affected by the complexity of the broader landscape and field 457 
mosaics (Vasseur et al., 2013). Some studies have reported lag effects, for example when 458 
converting from conventional to organic agriculture (Jabbour et al., 2015), but again only 459 
in short-term studies of 2 or 3 years. In contrast, the current study was based on annual 460 
sampling over 8 years organic and 5 years conventional, and is therefore likely to be 461 
more representative of temporal changes in arthropod ecology. It also highlights the 462 
importance deleterious effects of soil disturbance on epigeal predators, and suggests that 463 
‘no-till’ methods of agriculture, under either organic or conventional agriculture, may be 464 
an important aid to increase the abundance of beneficial arthropods. 465 
 466 
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Figure and table legends 668 
Figure 1. The five year crop rotation for the conventional farm (a) and eight year rotation 669 
on the organic half of Nafferton (b). n = numbers of fields sampled per year in each crop. 670 
 671 
Figure 2. pCCA plots of organic taxa; square symbols are centroids of the active 672 
explanatory variable, crop type, connected according to rotation sequence, whilst circles 673 
are invertebrate taxa. A) epigeal predators (axis 1: 15.6%, eigenvalue 0.013; axis 2: 8.9%, 674 
eigenvalue 0.008), B) foliar predators/parasitoids (axis 1: 10.6%, eigenvalue 0.021; axis 675 
2), C) herbivores/pollinators (axis 1: 19.1%, eigenvalue 0.034; axis 2: 5.2%, eigenvalue 676 
0.009). Points for samples not shown for clarity. Temperature, rainfall and field boundary 677 
are partial variables. 678 
 679 
Figure 3. pCCA plots of conventional taxa; square symbols are centroids of the active 680 
explanatory variable, crop type, connected according to rotation sequence, whilst circles 681 
are invertebrate taxa. A) epigeal predators (axis 1: 10.3%, eigenvalue 0.006, axis 2: 7.8%, 682 
eigenvalue 0.004), B) foliar predators/parasitoids (axis 1: 5.6%, eigenvalue 0.014, axis 2: 683 
3.9%, eigenvalue 0.010), C) herbivores/pollinators (axis 1: 16.3%, eigenvalue 0.034, axis 684 
2: 6.5%, eigenvalue 0.014). Points for samples not shown for clarity. Temperature, 685 
rainfall and field boundary are partial variables. 686 
 687 
Table 1. Total number of samples, aggregated across all months, collected per crop per 688 
year, and number of fields sampled per year, between 2005 to 2012, on the organic and 689 
conventional rotations at of Nafferton farm. 690 
 691 
Table 2. Variation partitioning showing the unique and joint effects (percentage 692 
explained) of the current and previous year’s crop on arthropod community composition. 693 
Table S1. Total number of each taxa recorded , mean number of each taxa (minimum 5 in a crop) and mean taxa richness, ± standard error, recorded from each organic 
crop, plus F ratio and probability (P) derived from the mixed-effects models (df 7, 48). 
 Total Barley Grass/clover 1 Grass/clover 2 Grass/clover 3 Wheat 1 Potatoes Beans Wheat 2 F ratio P 
Epigeal predators 112790 1440±113 1488±117 1378±291 2022±286 1978±78 1093±161 1660±168 1396±224 3.5 0.004 
Carabidae 74616 1010±108 810±80 817±127 1132±178 1415±112 764±141 1239±154 1020±194 5.9 <0.001 
Bembidiini 16883 292±60 109±14 114±39 143±40 223±45 365±76 362±53 254±69 12.6 <0.001 
Harpalini 520 5±1.1 6±1.7 6±2.1 6±2.6 11±4.0 6±2.3 10±3.5 8±4.3 0.3 0.945 
Loricerini 4815 55±19.8 112±21 109±24 125±34 27±4.8 11±3.0 62±15.4 37±5.4 13.1 <0.001 
Nebriini 5867 54±15.1 47±6.1 87±15.5 141±46 104±25 28±8.0 102±26 72±32.1 3.1 0.009 
Notiophilini 638 6±1.1 14±3.6 15±3.1 13±3.3 4±0.8 5±1.8 10±2.0 6±1.3 4.1 <0.001 
Platynini 2135 46±13.9 20±3.8 10±2.1 9±2.6 42±7.6 28±10.5 47±17.6 27±8.8 5.3 <0.001 
Pterostichini 35453 428±72 405±65 388±39 536±109 901±95 215±52 531±97 462±74.4 5.9 <0.001 
Sphodrini 454 1±0.4 1±0.2 1±0.7 9±4.2 18±9.0 7±2.8 5±2.8 8±4.7 3.7 0.003 
Trechini 6196 99±23.1 74±24.2 80±24.8 142±40 70±23.0 77±48.5 59±26.5 97±30.6 2.9 0.012 
Zabrini 1681 23±4.9 20±4.3 6±1.3 6±1.2 14±2.3 22±5.5 48±7.2 45±13.2 8.5 <0.001 
Staphylinidae 12324 179±31 176±41 110±15 261±75 212±18 185±45 137±19 105±14 2.4 0.038 
Aleocharinae 2391 29±8.2 9±3.4 5±1.7 6±1.8 57±12.9 113±41 24±6.4 27±3.4 15.2 <0.001 
Paederinae 585 9±3.6 9±1.2 8±1.7 6±1.7 7±2.0 18±5.5 6±1.7 3±1.4 2.7 0.021 
Staphylininae 7327 122±29 119±37 74±7.5 201±68 114±16 42±6.0 75±12.8 61±11.1 6.0 <0.001 
Steninae 178 2±0.8 4±1.0 4±1.1 5±1.1 2±1.0 1±0.5 1±0.5 2±0.4 1.8 0.109 
Tachyporinae 1761 16±2.9 34±9.6 19±6.1 43±10.1 30±6.5 10±2.6 29±12.3 12±2.9 2.3 0.039 
Foliar 
predators/parasitoids 
35130 1453±779 158±25 110±16 299±55 385±49 238±56 876±439 153±35 5.1 <0.001 
Cantharidae 415 3±1.1 1±0.6 3±0.6 12±5.0 9±2.4 5±1.0 8±2.7 6±1.5 3.3 0.006 
Coccinellidae 1539 34±12.5 3±1.3 2±1.2 10±4.5 36±10.6 63±13.4 16±6.6 6±2.8 10.6 <0.001 
Anthocoridae 144 4±1.7 - - - - 4±1.5 6±2.7 2±0.9 7.2 <0.001 
Syrphidae 1302 22±7.6 10±3.8 3±0.9 10±3.9 23±5.4 17±4.0 41±20.2 12±4.0 3.3 0.006 
Braconidae 4416 130±69 17±4.8 16±5.1 35±9.4 67±24.7 38±11.7 96±33.8 17±7.6 2.5 0.027 
Ichneumonidae 24920 1175±657 99±18.7 62±13.6 196±47 218±28 128±35 620±350 90±22.8 5.0 <0.001 
Platygasteridae 292 10±3.9 4±1.1 2±0.5 3±1.0 3±0.7 6±2.9 3±0.8 1±0.7 4.1 <0.001 
Proctotrupidae 3476 81±32.1 23±3.6 21±2.6 39±2.4 60±8.9 34±11.7 84±36.1 32±10.6 2.8 0.016 
Pteromalidae 434 21±13.3 2±0.4 - 1±0.3 1±0.9 2±1.0 17±9.5 1±0.2 4.9 <0.001 
 
Herbivores/pollinators 
26770 317±43 147±23 216±27 362±52 542±168 229±49 795±283 281±40 12.9 <0.001 
Chrysomelidae 6215 106±19 14±5.1 10±2.1 7±2.4 195±91 64±14.3 185±68 70±26.4 24.1 <0.001 
Curculionidae 11108 63±14.5 80±16.9 148±24 277±54 88±18.6 74±18.0 452±180 36±7.2 12.7 <0.001 
Nitidulidae 1517 16±3.1 3±1.0 1±0.3 8±4.0 69±27.3 5±2.1 42±19.6 14±7.6 9.6 <0.001 
Cercopidae 147 6±2.4 2±0.5 1±0.4 2±0.8 2±0.5 1±0.9 1±0.6 1±0.6 1.9 0.085 
Cicadellidae 1121 16±5.7 14±6.6 3±0.9 9±2.7 23±9.4 46±27.4 6±2.5 9±3.0 2.3 0.044 
Miridae 688 16±8.8 1±0.4 - 1±0.6 34±31.3 2±0.7 13±7.6 3±1.6 3.8 0.002 
Apidae 514 4±1.1 6±2.0 8±2.7 9±4.5 8±4.2 8±2.6 9±3.2 6±1.1 2.6 0.022 
Cynipidae 1294 29±17.4 4±1.2 5±1.3 4±0.8 11±2.6 14±4.2 17±8.4 63±40.0 7.5 <0.001 
Tenthredinidae 2828 49±18.6 3±1.2 2±0.6 8±3.2 98±45.9 12±5.5 63±28.9 67±42.3 6.6 <0.001 
Table S2. Total number of each taxa recorded , mean number of each taxa (minimum 5 in a crop) and mean taxa richness, ± standard error, recorded from each 
conventional crops, plus F ratio and probability (P) derived from the mixed-effects models (df 4, 29). 
 Total Wheat 1 Wheat 2 Barley 1 Barley 2 Oilseed rape F ratio P 
Epigeal predators 113608 2669±423 2218±217 1828±435 2302±363 2342±275 0.3 0.869 
Carabidae 86931 2425±319 1640±207 1366±420 1613±299 1658±239 3.2 0.028 
Bembidiini 4894 84±24.1 69±24.4 44±13.5 177±64 115±17 0.8 0.536 
Loricerini 6707 116±23 96±18.8 194±67 91±20.5 173±36 5.8 0.002 
Nebriini 11754 244±77 185±27 113±35 254±66 379±121 1.7 0.002 
Notiophilini 1219 23±2.5 17±2.0 18±2.9 20±2.7 44±5.7 3.5 0.018 
Platynini 2827 85±32.0 55±13.8 42±16.4 54±24.3 47±6.6 1.7 0.016 
Pterostichini 50752 1756±357 1058±184 857±336 806±230 599±78 4.9 0.004 
Sphodrini 180 6±3.9 4±1.5 2±0.4 5±1.2 2±0.6 1.5 0.226 
Trechini 4670 66±19.9 145±49.7 81±29.7 108±29.4 66±13.4 4.6 0.009 
Zabrini 3840 33±6.5 9±1.8 14±4.6 96±51.8 232±80.2 7.6 <0.001 
Staphylinidae 11919 137±22 107±21 203±58 322±44 422±73 8.7 <0.001 
Aleocharinae 867 9±3.4 11±3.3 14±5.3 23±6.9 30±7.6 3.2 0.028 
Omalinae 122 1±0.3 1±0.4 1±0.2 4±2.1 5±2.5 2.4 0.071 
Paederinae 410 4±1.3 4±1.1 8±2.5 9±2.9 16±4.9 2.2 0.094 
Staphylininae 6481 89±16.1 58±14.3 94±33.4 154±26 254±66 6.3 <0.001 
Steninae 134 1±0.4 1±0.5 3±0.6 3±1.0 5±1.1 4.3 0.008 
Tachyporinae 3883 34±6.2 33±10.4 82±21.4 128±38 112±23 9.7 <0.001 
         
Foliar 
predators/parasitoids 
20849 383±66 256±39 102±19 233±47 1111±301 18.9 <0.001 
Cantharidae 176 2±0.7 2±0.5 2±0.4 4±1.0 9±3.3 3.8 0.012 
Coccinellidae 250 4±1.6 7±2.0 2±0.6 8±3.4 3±0.8 2.4 0.076 
Syrphidae 366 11±2.4 10±2.6 2±0.6 6±1.4 8±2.5 3.9 0.012 
Braconidae 2032 22±5.4 19±5.6 7±3.3 9±2.3 147±27 21.3 <0.001 
Ichneumonidae 11310 241±42 101±25 22±5.2 41±10.2 726±280 24.3 <0.001 
Platygasteridae 1416 2±0.8 41±25.7 9±4.6 18±9.8 70±41 4.8 0.004 
Proctotrupidae 4262 101±32 54±13.7 38±13.3 131±54 103±27 1.9 0.130 
Pteromalidae 1126 1±0.4 25±15.5 21±13.8 22±14.9 44±11.1 24.4 <0.001 
         
Herbivores/pollinators 8987 72±20.6 93±23.4 54±9.7 99±16.9 581±93 40.0 <0.001 
Chrysomelidae 1650 10±4.8 18±5.4 10±3.2 14±2.9 114±34 18.4 <0.001 
Curculionidae 1865 19±6.3 10±3.6 11±2.0 30±7.2 117±46 17.9 <0.001 
Nitidulidae 1897 3±0.9 5±3.3 1±0.5 3±1.7 177±60 17.5 <0.001 
Cercopidae 154 2±0.5 6±2.6 1±0.4 2±0.7 6±1.5 3.2 0.028 
Cicadellidae 359 8±3.0 6±2.7 4±1.6 11±2.8 8±3.6 0.5 0.770 
Apidae 361 9±4.3 17±7.0 2±0.8 3±0.9 6±1.9 0.7 0.614 
Cynipidae 1894 8±2.3 15±6.5 16±8.9 16±6.5 135±50 14.3 <0.001 
Tenthredinidae 156 3±1.3 3±1.2 2±1.1 2±0.5 5±1.1 3.6 0.017 
 



